To compare the effect of decabromodiphenyl ether (BDE 209) on microbial community from the Pearl River estuary, the microbial community at three in situ sites and the responses of microbial community to BDE-209 stressor were investigated. Denaturing gradient gel electrophoresis analysis of 16S rRNA gene showed that microbial community at site A2 has less diversity than sites A1 and A3. Physicochemical parameters (NH4-N, salinity and SiO3-Si) could significantly impact the microbial community composition in this estuary. In laboratory-incubated experiments, results indicated high concentration of BDE 209 (100 mg/kg) could increase the microbial diversity at sites A1 and A2, whereas reduced the microbial diversity at site A3. The unweighted pair group method with arithmetic means cluster analysis and principal component analysis demonstrated that the community structure changes at sites A1 and A2 were driven by the BDE 209 concentration, whereas at site A3 they depended on the incubation time. Thirty-five days after the addition of 100 mg/kg BDE 209, Firmicutes were found to be the dominant bacteria at sites A1 and A2. These data suggest the BDE 209 may have different effects on the microbial community in the Pearl River estuary.
Introduction
Polybrominated diphenyl ethers (PBDEs) are a class of flame retardant that have been used in a range of applications including foams, textiles and plastics at up to 20% by weight (de Wit 2002) . Three PBDE technical mixtures [pentabromodiphenyl ether, octabromodiphenyl ether and decabromodiphenyl ether (BDE 209) ] were widely integrated into products. As of 2006, the penta-and octa-bromodiphenyl ether technical mixtures have been banned and removed from production (Robrock et al. 2009 ). However, BDE 209 remains legal in most countries and continues to be heavily used (He et al. 2006) . Because of the high-volume production (annual global market demand was 56,100 t in 2001) and lipophilicity [octanol-water partition coefficient (log K ow ) up to log K ow = 9.97] of BDE 209 de Wit 2002) , the sediment represents a major sink for BDE 209 released to the environment (Mai et al. 2005; Moon et al. 2007; Guan et al. 2009; Yogui & Sericano 2009 ). Furthermore, BDE 209, a possible human carcinogen, can be degraded into less brominated but more toxic and bioaccumulative congeners through reductive debromination (He et al. 2006; Robrock et al. 2008) .
The Pearl River Delta (PRD) region is one of the economically fastest growing regions in China (Guan et al. 2009 ). In the last two decades, the PRD region has undergone rapid urbanization and industrialization; therefore many kinds of organic contaminants, including polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls, organochlorine pesticides and other organic pollutants are presented in various environmental media in the Pearl River (Liu et al. 2011a) . Because the PRD region is also an important region for imported e-wastes and numerous textile, plastics and electronics manufacturing ventures (Guan et al. 2009 ), PBDEs have recently been found at high levels in the Pearl River estuary sediments (Mai et al. 2005; Guan et al. 2009 ). Mai et al. (2005) have comprehen-
The effect of BDE-209 on microbial community 789 sively examined the status of PBDEs contamination in the Pearl River estuary and found the concentrations of BDE 209 and PBDEs (defined as the sum of all targeted PBDE congeners except for BDE 209) ranged from 0.4 to 7,340 ng/g and from 0.04 to 94.7 ng/g, respectively. Furthermore, PBDEs congener compositions were dominated by BDE 209 (72.6-99.7%) in sediments of this region. There was also a comparison of PBDEs concentrations around the world, and it was found that BDE 209 concentrations in the Pearl River estuary were much higher than in other locations (Moon et al. 2007 ). Therefore, risk assessment about BDE 209 in the environment needs to be further investigated (Gerecke et al. 2005) .
Previous studies widely reported the effect of organic pollutants on microbial community (Castle et al. 2006; Zhou et al. 2008; Yao et al. 2010; Zhu et al. 2010; Liu et al. 2011b) . However, only a few of them were focused on the impact of PBDEs on microbial community. What is more interesting, only two reports concerning microbial community shift with BDE 209 Liu et al. 2011b ). The natural environment contained a complex microbial community, and the microbial composition was heterogeneous in diverse environments. The responses of microbial community at different sites to BDE 209 are, however, still not fully understood.
In this paper, it was the first time to investigate the microbial community shift by denaturing gradient gel electrophoresis (DGGE) in BDE 209-amended sediments of the Pearl River estuary. The objectives of this study were: (a) to investigate microbial community structures in the sediments from the Pearl River estuary; and (b) to design laboratory-incubated experiments to minimize the environmental complexity and to compare the microbial response to BDE 209.
Material and methods

Study site and field sampling
The Pearl River estuary can roughly be divided into three parts -Guangzhou Channel, Shiziyang Channel and Lingding Bay (Mai et al. 2001) . The Guangzhou channel drains over the city of Guangzhou, the most urbanized and heavily populated district in the PRD region. The Shiziyang channel receives inflows from the Guangzhou channel and the East river. The Lingding bay, a funnel-shaped estuary, receives about 1.7 × 10 14 L/a fresh water runoff and nearly 3 × 10 8 tons/a of suspended particles from four outlets, i.e. Humen, Jiaomen, Hongqilimen and Hengmen (Mai et al. 2001) . The BDE 209 concentration in Guangzhou Channel, Shiziyang Channel and Lingding Bay was about 890 ng/g, 100 ng/g and 18.5 ng/g, respectively (Mai et al. 2005 • 07 12.00 , E 114 • 00 36.00 ) in Lingding Bay were chosen as our investigation areas to compare the effect of BDE 209 on microbial community of these areas.
Surface sediment sample (0-10 cm) was collected by a static gravity corer in August, 2010. When the sediment was retrieved, it was immediately stored at -20
• C in sterile collection bag. At the meantime, the overlying water from the same sampling site was collected, filtered through 0.45 µm membranes and preserved at -20
• C for biogeochemical analysis. Physicochemical parameters of the overlying water were determined according to Wang et al. (2008) .
Microbial community analysis in field sediment samples Total DNA was extracted in triplicate from 1 g sediment using the E.A.N.A.
TM Soil DNA Kit (Omega, USA). Then the extracted DNA from the triplicate samples in the same site was equally mixed together. A nested PCR was used for amplification of microbial 16S rRNA gene. The first round of PCR was with primers 27F and 1492R (Suzuki & Giovannoni 1996) , and the second round with primers 341F (with a GC clamp attached to the 5' end) and 907R (Muyzer & Ramsing 1995) . To reduce possible inter-sample PCR variation, all PCR reactions were run in triplicate and pooled together before loading on DGGE gel. DGGE was performed using Dcode universal mutation detection system as described in the manufacturer's manual (Bio-Rad, Hercules, CA). Approximately 400 ng PCR products were loaded onto 6% (wt/vol) polyacrylamide (37.5:1 acrylamide:bisacrylamide) gels with a linear denaturing gradient ranging from 40 to 60% [100% denaturant was 7 M urea and 40% (wt/vol) deionized formamide] in 1×TAE buffer. The electrophoresis was run at 60
• C and 120 V for 9 h. Gels were stained with ethidium bromide and photographed under a UV transilluminator (Alpha Innotech, Japan).
Canonical correspondence analysis (CCA) (CANOCO 4.5; Biometris, Wageningen, The Netherlands) (ter Braak & Smilauer 2002) was used to determine the correlations between microbial community composition and water physicochemical parameter. To test whether weighted-averaging techniques or linear methods were appropriate, detrended correspondence analysis (DCA) was performed. Results demonstrated that the data exhibited unimodal rather than linear responses to the environmental variables (ter Braak & Smilauer 2002), so CCA was chosen to explain our data. A Monte-Carlo permutation test (499 random permutations), including unrestricted permutation, was used to test the null hypothesis that microbial profiles were unrelated to environmental variables (ter Braak & Smilauer 2002) .
Sediment culture preparation
To further understand and compare the microbial community under BDE 209 stressor in the three sampling sites, laboratory-incubated experiments were conducted. For each sampling site, the sediment was divided into three groups, each at triplicates, following the recommendations of Zhou et al. (2008) with some modifications. The first group was the control, while the other two groups were treated as low and high BDE 209 contamination, respectively. In the control (group C), 40 g sediment was added to 40 mL sterilized mineral salt medium (MSM) in a 150-mL Erlenmeyer flask containing a layer of glass beads. The MSM had the following components (Wu et al. 2009 For the low BDE 209-amended group (group L), prior to the addition of sediment and the MSM medium, 0.4 mL of a stock solution containing 1 g/L BDE 209 dissolved in toluene (through a 0.22 µm pore film) was delivered into each flask with glass beads, in order to achieve the final concentration at 10 mg/kg in sediment. The toluene was allowed to evaporate overnight, thereby leaving a coating of BDE 209 on the glass beads. For the high-contaminated group (group H), the final BDE 209 concentration in sediment was 100 mg/kg. All flasks, wrapped with aluminium foil during the experiment period, were placed in a shaking incubator at 150 rpm in the dark at 30±2
• C. Sediment slurry samples (1 mL) with a plastic cut-off-tip pipette were collected from each flask at days 1, 7, 17 and 35, stored at -20
• C immediately for the further analysis of microbial diversity via DGGE.
DGGE analysis of microbial community change in sediment cultures
Total community genomic DNA was extracted from 1 mL of sediment slurry using the Soil DNA Kit (Omega, USA). Microbial DNA extractions from the triplicate samples in the same treatment were equally mixed together. A nested PCR approach was employed to amplify 16S rRNA sequences, and then the products were loaded into gels for the DGGE analysis. PCR-DGGE protocol was same as the one mentioned above.
DGGE band profiles were analyzed by the unweighted pair group method with arithmetic means (UPGMA) with Quantity One 4.6.2 (Bio-Rad, USA) as described previously (Wang et al. 2009 ). The analysis of Shannon index was according to Zhang et al. (2008) . Briefly, the peak areas of the fingerprint patterns in the DGGE profile were used to indicate the intensities. Bands for which relative intensity was less than 0.5% of the sum of all band intensities were discarded. Based on band intensity and position, the Shannon diversity index (H ) was calculated to examine the community diversity by using the following equation (Hill et al. 2003) :
where, Pi is the importance probability of the bands in a track. It was calculated from Pi = ni/N , where ni is the area of a peak and N is the sum of all peak areas in the densitometric curve. According to band intensity and position in the DGGE profile, principal component analysis (PCA) was also performed using CANOCO 4.5 (ter Braak & Smilauer 2002).
Sequencing and phylogenetic analysis Dominant bands of DGGE profile were stabbed with sterile pipette tip, re-suspended in 40 µL of sterile ddH2O and incubated at 4
• C overnight before they were re-amplified. The positions of the excised bands in the DGGE gel were confirmed with repeated DGGE. Bands showing the expected melting position were again amplified using 341F (without GC clamps) and 907R primers. The PCR products were purified with the PCR purification kit (Takara, Japan) and subsequently cloned into pMD18-T plasmid vector (Takara, Japan). Positive clones were identified by PCR amplification with primer pairs T7 and M13 (Tabor & Richardson 1987) , and then submitted for sequencing us- ing an ABI3730 DNA Sequencer (USA) (Shanghai, China). The nucleotide sequences obtained in this study were deposited in the GenBank database (Benson et al. 2013) with the accession numbers JQ400150-JQ400188. Close relatives and phylogenetic affiliations of the obtained sequences were determined using BLASTN (Altschul et al. 1990 ; http://blast.ncbi.nlm.nih.gov/Blast.cgi). Phylogenetic trees were constructed using the MEGA 5 software (Tamura et al. 2011) by the neighbour-joining algorithm and the Kimura 2-parameter distance estimation method with bootstrap analyses for 1,000 replicates.
Results
Physicochemical parameters of the overlying water Physicochemical parameters of the overlying water in each site are described in Table 1 . Each sampling site had its own unique physicochemical parameters. Compared with sites A2 and A3, the concentrations of NH 4 -N, NO 2 -N, NO 3 -N and PO 4 -P were higher at the site A1. However, the concentration of SiO 3 -Si at site A2 was the highest. Furthermore, due to adjacent to the South China Sea, salinity, pH and water depth of site A3 were highest but the temperature was lowest compared to the other two sites.
Microbial communities in field sediment samples DGGE results indicated that microbial community compositions were quite different in the Pearl River estuary (Fig. 1) . The microbial diversity at site A2 was lowest compared with sites A1 and A3. To explore further the relationships between environmental factors and microbial phylotypes, CCA was conducted (Fig. 2) . Eigen values (indicating strength of the model) for the first two multivariate axes were 0.336 and 0.270. Species-environmental correlations for both axes were more than 80.9%, indicating that microbial diversity strongly correlated with environmental factors. SiO 3 -Si was the significant environmental factor, which correlated with the first axis, while NO 2 -N and pH emerged the significant environmental variables explained by the second axis (Fig. 2) . NH 4 -N displayed strong correlation with microbial phylotypes (s7, s10, s13 and s14), which were the dominant species at site A1. Nevertheless, microbial phylotypes (n1, n2 and n3), which only occurred at site A3, were significantly influenced by salinity and water depth.
Microbial community change under BDE 209 stressor
The DGGE pattern of microbial community from site A1 with BDE 209 treatment is shown in Figure 3 . Bands 1, 2 and 4-6 existed at the beginning days, but disappeared with the incubation time. Band 3 was present throughout the 35-days incubation. Bands 8 and 10-12 appeared at day 7 and became the dominant species, but interestingly these bands only occurred at the group C and group L. In addition, the band 7 appeared at day 7 and then disappeared. The most obvious phenomenon was from the 100 mg/kg BDE 209 treatment that many bands (band 9 and bands 13-19) appeared after 17-days' cultivation. It appears that those microbes may be the potential microbial community contributing to BDE 209 degradation.
According to the UPGMA, based on BDE 209 treatments and incubation time, the dendrogram was composed of three main clusters. The first cluster included 17A1(H) and 35A1(H), and the second cluster included 1A1(C), 1A1(L) and 1A1(H). The third cluster included the rest of other seven treatments (Fig. 3,  right) . A total of 19 bands from the DGGE gel were excised and sequenced. The phylogenetic analyses of these 16S rRNA sequences demonstrated that most excised and sequenced bands at site A1 exhibited over 97% similarity to their closest relative in GenBank (Table S1). At day 1, the bands 1-6 belong to the five classes: Acidobacteria, Actinobacteria, Firmicutes, β-Proteobacteria and α-Proteobacteria (Fig. S1 ). This in- dicated that the microbial community in this environment was highly diverse. But with the incubation time, the group C and group L were dominating by α-and β-Proteobacteria, while the mostly excised bands from the group H at days 17 and 35 belong to Firmicutes and uncultured bacteria (Fig. S1) .
According to the DGGE pattern of site A2 (Fig. 4,  left) , bands 1, 2, 4 and 5 were the dominant species throughout the 35 days of incubation, implying those were not affected by BDE 209. However, band 3 only occurred at day 1, which suggests a low tolerance to BDE 209. Band 6 was present only at day 35 in the group C. Similar to site A1, 100 mg/kg BDE 209 obviously affected the microbial community. Bands 7-9 in the group H did not appear until day 35. The UP-GMA dendrogram according to the DGGE profile was constructed (Fig. 4, right) . Although three treatments at day 1 showed the similarity of 86%, with the incubation time, the group H at day 35 was obviously separated from other treatments. The bands 1-9 in the DGGE pattern of site A2 were harvested for 16S rRNA sequencing. Sequences were all identified with similarities exceeding 97% (Table S2) . Dominant bands (bands 1, 2, 4 and 5) belong to Proteobacteria and Actinobacteria. However, bands 3, 7, 8 and 9 were similar to uncultured Xanthomonadales bacterium, uncultured γ-proteobacterium, Veillonella sp. VeillB9 and Streptococcus sanguinis JCM 5708, respectively (Fig. S2) .
DGGE profile suggests that the change of the microbial community structure at site A3 is mainly affected by the incubation time, but not by the dosages of BDE 209 (Fig. 5) . From the UPGMA analysis, three groups were observed. Three treatments at day 1 clustered in one group, while treatments at days 7 and 17 clustered in another group. Interestingly, three treatments clustered again at day 35. The dominant bands were excised and sequenced ( Fig. S3 and Table S3 ). Bands 1 and 2 belonging to Acidobacteria appeared only at day 1 or day 7, and bands 5-8 were present at day 7 but disappeared at day 17. However, bands 4 and 9-11 recovered from day 35 were similar to Bacillus sp. BPTK2 and uncultured bacteria, respectively.
PCA was also employed to investigate the dynamic change of microbial community structure (Fig. 6) . The first two principal components of the PCA could explain 52.1%, 44.9% and 56.3% of the observed variation at sites A1, A2 and A3, respectively. With the incubation time, the 100 mg/kg BDE 209 treatments at sites A1 and A2 were clearly separated from other treatments (Fig. 6a and Fig. 6b) . However, the effect of BDE 209 on microbial community was not apparent at site A3, because three treatments at day 35 clustered together again (Fig. 6c) .
The Shannon index suggests that the microbial community changes significantly with the incubation time and the BDE 209 treatments (Fig. 7) . The Shannon index about group C and group L at site A1 increased over the first 7 days and then decreased in the following days, whereas that about group H increased with the incubation time. At site A2, the Shannon index of group C did not increase until the day 35, but a transient increase of Shannon index was observed at day 7 (group L). In addition, although Shannon index value in 100 mg/kg BDE 209 treatment firstly increased and then slightly decreased, that value in general increased after 35-days incubation. As for site A3, microbial diversity decreased with the incubation time regardless of the BDE 209 treatments. 
Discussion
Sedimentary microbial community in relation to environmental variables Although the diversity of microbial community in the three sampling sites was low, it is clear that microbial communities were different in Pearl River estuary (Fig. 1) . PCR-DGGE has been frequently used as an effective and popular tool to evaluate the dominant microbial community in the environment. That may cause the detection of low microbial diversity in our DGGE profile (Amann et al. 1995) . Bacterial community structure can significantly be influenced by the environmental variables, and environmental heterogeneity can drive a taxa-area relationship of bacteria (HornerDevine et al. 2004; Zhang et al. 2008; Hong et al. 2011; Cao et al. 2012) . CCA has been proven to be sensitive in detecting the relationships between microbial community composition and environmental variables (Iwamoto et al. 2000; Zhang et al. 2008) . Using the method of CCA, Cao et al. (2012) reported that water depth and temperature were major factors shaping the community structure of ammonia-oxidizing β-Proteobacteria from the PRD to the South China Sea. However, CCA in this study (Fig. 2) confirmed that NH 4 -N, salinity and SiO 3 -Si significantly influenced the microbial community composition in the Pearl River estuary. This observation was similar to our previous results . Because site A1, in Guangzhou Channel, received a large number of inorganic and organic nutrients from Guangzhou City, microbial community at site A1 showed a strong correlation with NH 4 -N. However, site A3, located in the outer estuary, was significantly influenced by the invasion of seawater from the open ocean, therefore salinity was the key factor shaping microbial community at site A3.
Cluster analysis and phylogenetic analysis of microbial community under BDE 209 stressor In a laboratory-incubated experiment, xenobiotic pollutant concentrations and incubation times were the two key factors to influence the microbial community structure (Zhou et al. 2008; Wang et al. 2009; Peng et al. 2010; Liu et al. 2011b) .
In this study, UPGMA cluster analysis and PCA based on the DGGE dendrogram were employed to explore further the dynamic changes of microbial community under BDE 209 pollution. Based on these results, the microbial community changes at sites A1 and A2 were driven as a result of the BDE 209 concentration, but microbial community change at site A3 depended on the incubation time. The group H treatment (100 mg/kg BDE 209) at sites A1 and A2 was obviously different from the other two treatments (group C and group L), while the three treatments at site A3 (groups C, L and H) clustered together again after 35-days incubation (Fig. 6) . The microbial community changes at sites A1 and A2 were similar to previous reports that xenobiotic pollutants can influence the microbial community significantly Liu et al. 2011b ). However, the microbial community change at site A3 was quite similar to a previous report showing no obvious difference in the bacterial community between the pyrene-spiked soil and the control (Peng et al. 2010 ). It appears that some potential BDE 209 degradation bacteria may account for that phenomenon. Therefore, dominant bands in the DGGE profile were sequenced and analyzed. After the analyses of the bands at day 35, which were stimulated by the high dosage of BDE 209 at sites A1 and A2, it was found that most bands were similar to the class Firmicutes and the uncultured bacteria. Zhu et al. (2010) have examined the effect of BDE 209 on the soil microbial community using DGGE and found also that Firmicutes and some uncultured bacteria dominated the bacterial communities in all soils, regardless of BDE 209 treatment. Firmicutes were also found to be the dominant bacteria in the process of 4,4'-dibromodiphenyl ethers (BDE 15) degradation in the river sediment (Huang et al. 2012) . In addition, the appearance of uncultured bacteria was not surprising. Because there was only one BDE 209 degradation bacteria, which have been isolated and identified up to now (Deng et al. 2011 ). Therefore, further investigation should be applied to isolate more BDE 209 degradation bacteria from the environment.
Dynamic changes of microbial diversity under BDE 209 stressor The diversity of microbial community is one of the main indicators for assessing the effect of an organic pollutant (Wang et al. 2009 ). In this research, dynamic changes of microbial community diversity in culture were observed under BDE 209 stressor. High concentration of BDE 209 (100 mg/kg) could stimulate microbial diversity at sites A1 and A2, while it reduced the microbial diversity at site A3. It suggested that the appearance of potential BDE 209 degradation bacteria may cause the increased microbial diversity at sites A1 and A2 (Fig. 7) . However, the reduction of microbial diversity at site A3 was probably due to the toxicity of BDE 209 on microbial community. Many previous studies observed the decrease of microbial diversity when a high dosage of pollutant was added (Yao et al. 2010; Huang et al. 2012) . Nevertheless, the phenomenon that microbial diversity was stimulated by high concentration of pollutant was scarce. However, previous studies believed that higher amount of pollutants could induce and enrich more degrading bacteria (Zhou et al. 2008; Flocco et al. 2009 ). PAH-degradation bacteria can only detected at the oil-contaminated soil samples by the amplification of gene marker (ndo gene), but they cannot be found at non-contaminated sites (Flocco et al. 2009 ). In fact, the natural habitats of sites A1 and A2 were suitable for the appearance of BDE 209 degradation bacteria, because the concentrations of BDE 209 at sites A1 and A2 (both above 100 mg/kg) were much higher than at site A3 (about 18.5 mg/kg) (Mai et al. 2005) . Mai et al. (2005) suggested that biodebromination of BDE 209 can also exist in the Pearl River estuary. Therefore, the occurrence of potential BDE 209 degradation bacteria correlated with the BDE 209 contamination level in natural environments may cause the difference of microbial diversity among the three sampling sites under BDE 209 stressor.
In conclusion, this was the first report to investigate and compare the response of microbial community under BDE 209 stressor in the Pearl River estuary. The results showed different response patterns of microbial community from different sampling sites under BDE 209 stressor. The BDE 209 concentration significantly influenced the microbial community structures at sites A1 and A2. However, the incubation time was the main factor to shape the dynamic changes of the microbial community at site A3. Isolation of BDE 209 degradation bacteria and BDE 209 bioremediation in the environment should further be conducted.
